Dip-pen nanolithography (DPN) uses scanning probes to directly deposit chemical and biological materials on a solid substrate. It offers the advantages of nanometer resolution and flexibility in pattern generation. Conventional DPN uses a single probe and its throughput is limited due to the serial nature of the process. This article reports the development of a linear silicon probe array that enables parallel DPN writing with improved throughput. The probe array has ten probes with tips with 100 nm radius of curvature. Each probe in the array is individually controllable by a bimorph thermal actuator on its cantilever. DPN writing tests with octadecanethiol (ODT) as ink on gold surface have been conducted on an atomic force microscope. Simultaneous generation of ten different ODT patterns has been achieved with an average linewidth of 40 nm.
I. INTRODUCTION

Dip-pen nanolithography (DPN)
1 is a direct method for generating nanoscale chemical patterns. It uses a sharp scanning probe to transfer chemical molecules onto a solid substrate. As shown in Fig. 1 , when a DPN probe tip coated with chemical molecules is brought into contact with a sample surface, a water meniscus forms from humidity in the environment.
1 Ink molecules previously deposited on the probe tip then diffuse to the sample surface via the water meniscus and physical contact. When the transported molecules reach the sample surface, they anchor themselves to the substrate and form stable nanostructures. [1] [2] [3] In semiconductor fabrication, the deposited chemical can be used as a resist in subsequent substrate patterning processes. For instance, octadecanethiol (ODT) has been demonstrated in a subtractive lithography process as a resist for gold patterning. 4 Since DPN does not use any energetic radiation, it is nondestructive to the chemical or biological materials used as ink and allows the substrate to be functionalized with various ink materials. The resolution of DPN is not limited by wave diffraction, scattering, and reflection in the resist or at the resist-substrate interface, as in the case of conventional projection lithography methods. In addition, DPN is a maskless process. It does not need a prefabricated high-resolution photolithography mask in pattern generation, and allows in situ creation of arbitrary features.
Conventional DPN process is implemented using a scanning probe microscope. The earliest demonstrations of DPN have been based on single atomic force microscope (AFM) probes.
1 The serial nature of DPN writing process has been shown to limit the throughput of this technique. To improve the throughput of DPN, probe arrays are desired. When an array of probes is used instead of a single probe, the throughput is increased by a factor corresponding to the number of probes in the array. We have reported the design of a silicon nitride probe array, 5, 6 which is capable of parallel DPN writing. However, since the silicon nitride probe tip was made by conformal coating of silicon nitride film on a silicon pyramid mold structure, the tip curvature radius is large (about 900 nm), and determined by the thickness of silicon nitride film. The blunt tip resulted in relatively large linewidth and suffered from excessive diffusion halo problem partially due to its large size. 7 Although increasing the writing speed can solve this problem to some extent, the ultimate solution for high-resolution patterning still lies on improved tip sharpness. To address these problems, we have developed a silicon probe array with individually controllable probes with sharp tips, which are capable of sub-50 nm parallel DPN pattering.
II. PROBE DESIGN
To effectively utilize DPN technique to generate largescale arbitrary features, active probes are desired for parallel patterning. As shown in Fig. 2 , in the writing process with an active probe array, each probe can be individually controlled to lift away from or put down onto the substrate surface, while the whole probe array is moved across the writing surface. In this manner, probes in the same array can generate different patterns simultaneously.
The mechanical addressability or the out-of-plane displacement of the probes can be achieved by incorporating microfabricated actuators with the probes. There are three candidate actuation techniques: thermal bimorph actuation, piezoelectric actuation, and electrostatic actuation. In the first method, a thin film metal layer is laid on top of the probe shank. Actuation based on differential thermal expansion of metal and silicon layers is used to displace the probe tip. This a)
Author to whom correspondence should be addressed; electronic mail: xwang5@uiuc.edu method involves relative simple materials, and is capable of achieving large displacement. In the second method, a piezoelectric material is deposited on the probe shank. Electrically induced mechanical strain is used to displace the probe tip. This approach involves complex material and fabrication techniques, and is normally used to obtain small dimensional change. 8 The third method uses two oppositely charged electrodes to generate electrostatic attraction force for actuation. For cantilever-type actuator, one electrode is on the probe cantilever. The other electrode is separated from the cantilever through a spacer. The actuation voltage is usually nonlinearly related to the deflection of the cantilever tip. Once exceeding a threshold voltage, the tip deflection is unstable due to "pull-in" effect. 8 This method requires complex fabrication processes for integrated electrode pair for each probe. And due to the small dimensions of the probe cantilever, high actuation voltage is usually needed for large deflection of probe tip.
The choice of actuation method and the optimal design should allow highest degree of integration to achieve electrical, mechanical, and thermal controls. In order to effectively lift probe from substrate surface to terminate writing process, the actuator must overcome the surface adhesion force and provide an adequate displacement. In addition, the writing surface may have three-dimensional microscale features. The probe must be able to generate enough displacement to overcome surface topography structures. To satisfy these requirements, thermal bimorph actuation is chosen to be the method in our design because of the simplicity of materials and fabrication, and its capability to generate relatively large displacement.
The mechanical structure of the thermally actuated probe array is subject to several design constraints, such as probe stiffness, surface adhesion forces, and substrate surface topography. 7 Among these, an important criterion to evaluate the DPN probe is the force constant. If the force constant is too large, the probe tip will scratch the sample surface instead of following its topography. On the other hand, if the force constant is too small, the actuator will not be able to generate enough force to overcome the surface adhesion to lift up the probe tip after DPN writing.
To evaluate the force constant ͑k͒ of a cantilever-type probe, the formula for a simple fixed-free cantilever beam under small displacement assumption is used
where E is the modulus of elasticity of the cantilever material, and w, t, l are the width, thickness, and length of the rectangular cantilever, respectively. As an example, a commercial silicon nitride Microlevers™ AFM probe usually has a force constant in the range of 0.01-0.5 N / m.
III. FABRICATION PROCESSES
The silicon probe array is fabricated on a silicon-oninsulator wafer. The SOI wafer has a 1 m silicon dioxide layer sandwiched between an 8 m top silicon layer and a 350 m silicon substrate. As shown in Fig. 3 , a silicon dioxide layer is thermally grown on the top silicon layer, patterned into small squares, and used as mask in an anisotropic silicon etching process to form pyramidal silicon tips. Ethylene diamine pyrocatechol is used as wet etchant in the etching step. Additional tip sharpening is accomplished using wet oxidation and oxide removal. 9 After the tips are formed, a thin gold layer is evaporated and patterned as the actuators. Aluminum is deposited and patterned on both sides of the wafer. The aluminum layers define the shapes of the probe and holder, and serve as a mask in subsequent dry silicon etching process. Two consecutive deep reactive ion etching processes are conducted using the aluminum mask. The probe chip is then released in buffered HF to remove the silicon oxide.
A released active silicon probe array is shown in Fig. 4 . The probe array has ten probes with tip-to-tip distance of 100 m. Each probe is 1400 m long, 20 m wide, and 8 m thick. The tip curvature radius is about 100 nm. The force constant of this type of probe is 0.18 N / m. The metal actuator on the probe cantilever consists of a resistive heater part and a thermal actuator part (also shown in Fig. 6 ) and has an average resistance of 25 ⍀.
IV. THERMOMECHANICAL CHARACTERIZATION
A. Thermal actuation
To examine the performance of the thermal actuators, thermal actuation tests were conducted. An electric circuit was designed to provide ten actuation signals and a common ground to the probe chip. An adjustable dc voltage source was used to supply power to the actuators. The actuation power was first ramped up, and then ramped down while the vertical displacement of the probe tip was measured. A linear relationship between actuation power and tip displacement was observed, as shown in Fig. 5 . The vertical displacement is consistent in power ramp-up and ramp-down processes. A maximal displacement of 28 m was achieved at an actuation power of 17.57 mW. Larger displacement can be obtained with higher power input.
B. Temperature distribution
The temperature distribution along the probe is not uniform due to convective and conductive heat losses. The temperature profile on an actuated silicon probe is measured using an infrared sensitive optical microscope (InfraScope II, Quantum Focus Instrument Co.). Figure 6 shows the temperature distribution on a probe cantilever and the geometry of the thermal actuator when it is actuated at 11.25 mW. At this actuation power, the probe tip has a displacement of 17.6 m. The temperature rises along the probe, reaches a peak of 23.2°C at the end of the metal heaters, and gradually decreases toward the probe tip. This is in good agreement with the analytical models reported previously. 
C. Thermal cross talk
Due to thermal cross talk, the probes that are not actuated also show temperature changes. Figure 7 shows temperature rises along a probe array when only one probe is actuated. The two most adjacent probes have the largest cross talk. As shown in Fig. 7 , when probe 7 is actuated at 11.25 mW, a maximal temperature rise of 5.8°C and an average tempera- The displacement of probes due to thermal cross talk may cause a loss-of-contact problem in the actual DPN writing process. This problem can be solved in two ways. First, the whole probe array can be overdriven several micrometers more upon contacting the substrate surface. When actuation signals are turned on, the actuated probes are lifted up from the writing plane, while the probes that are not actuated are still able to maintain contact with the writing surface. Though this may increase surface contact force, the DPN feature size is not affected due to its insensitivity to tipsubstrate contact force. 10 Second, all probes in an array can be actuated initially by a low power input to make them achieve a small common displacement (e.g., 5 m). When one probe is actuated to lift up, the power compensations for other probes can be reduced according to their respective degrees of thermal cross talk. The alignment of the writing probes (not actuated) can be regained, while the actuated one(s) will still have a considerably large outstanding displacement. In our DPN writing tests, these two methods have both proven effective to overcome thermal cross talk problems.
D. Temperature rise versus power consumption
The maximal, average, and tip temperature rises of a probe at different actuation powers are also measured and shown in Fig. 8 . It is observed that the temperature rise of the probe tip is much less than the maximal and average temperature rises on the probe due to convection along the probe cantilever. A typical operating power of this type of probe is 11.25 mW. At this actuation power, the maximal temperature rise, average temperature rise, and tip temperature rise of the probe are 23.2, 13.8, and 4.5°C, respectively. In a room temperature environment, the maximal temperature on the probe is less than 50°C. This allows the chemical properties of the ink material used in our experiments to be maintained. If lower temperature is desired for other chemical inks, the environment can be cooled to reduce the overall temperature on the probe.
V. DPN WRITING TEST
The DPN writing test was conducted on a Thermomicroscopes AutoProbe® M5 AFM. The organic molecule 1-octadecanethiol (ODT, ͓HS͑CH 2 ͒ 17 CH 3 ͔) was used as ink. A silicon chip with a 5-nm-thick chrome adhesion layer and a 30-nm-thick gold layer was used as writing surface.
Before the experiment, the probe array is wire bonded to a printed-circuit-board chip holder for electrical connection to an external control circuit. ODT ink is vapor coated on the probes. Then the probe chip is mounted on the AFM machine through a two-degree-of-freedom tip-tilt adapter. 7 The tip-tilt adapter allows the probe array to be tilted in two directions to align with the writing surface. After probe-substrate alignment is achieved, the probe array is brought into contact with the gold surface to perform writing. Movement of the whole probe array is realized by moving the scan head in the XY plane. Each probe in the array can be controlled independently to move in the Z direction (up and down) by its actuator.
Active DPN writing is demonstrated in a process to write numerals 0 through 9 simultaneously by a ten-probe array with each probe writing one of the ten figures. In this process, the whole probe array is moved back and forth through a figure "8" pattern, while actuation signal for each probe is switched on and off. The actuated probes are lifted away from the substrate surface to suspend writing. Only probes that are not actuated stay on the writing surface and generate ODT patterns.
The lateral force microscopy (LFM) images of the patterns written by the silicon probe array are shown in Fig. 9 . The ODT coated areas have lower friction than the gold surface, thus appearing darker (lower lateral force) in the LFM images. Patterns of figures 0 through 9 are clearly seen in these images, indicating that every probe in the array has performed as expected. The writing speed used in the experiment is 1 m / s. Each figure is 4 m tall and 2.5 m wide. The average linewidth is 40 nm (Fig. 10) .
The writing results also show that some line sections did not merge perfectly at their interconnections. This is conjectured due to the registration error of the AFM machine and the bending of the probes caused by surface friction. Although the x-and y-axis scanner motions of the AFM are controlled by a closed-loop system, residual strains, thermal effects, and scanner property changes over time may cause the scanner position detection and control system to lose accuracy. 11 The probes may also flex side to side in response to the surface friction when they are traveling on the substrate surface, inducing errors in writing. These issues are being addressed by development of an integrated AFM-DPN control system and optimization of the probe design, and will be reported later.
VI. CONCLUSION
The development of active silicon DPN probe array with sharp tips has been demonstrated in this work. Thermomechanical tests are conducted to examine the performance of the thermal actuators on the probes. DPN writing tests are done on an AFM machine. Parallel writing of different ODT patterns with sub-50 nm linewidth on a gold substrate has been achieved. By using arrayed probes with sharp tips, the throughput and performance of DPN process have been improved. 
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